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   DRYING OF OIL PALM FROND PARTICLES IN 
A FLUIDIZED BED DRYER WITH INERT 
MEDIUM 
Drying characteristics of oil palm frond fibres were investigated in a fluidized 
bed dryer in the presence of inert particles. Sand was used as the inert mate-
rial. Effects of air temperature (60, 70 and 80 °C), air velocity (0.79 and 0.85 
m/s) and mass ratio of fibres to sand (1:0, 1:1 and 1:2) on the drying curves 
were investigated. The results showed that the shortest drying time was 
obtained with the highest air temperature, air velocity and fibres to sand mass 
ratio. The experimental drying data were fitted to nine existing drying models, 
namely the Lewis, Page, Modified Page, Henderson and Pabis, Logarithmic, 
Two-term, Two-term exponential and Wang and Singh models and a proposed 
new model. The goodness-of-fit was determined based on the values of r
2, χ
2 
and RMSE. The results showed that the best quality of the fit was obtained 
using the proposed model. The new model was also validated for the super-
heated steam drying of oil palm empty fruit bunch from other work. 
Keywords: drying characteristics; drying kinetics; falling rate; fibrous 
material; fluidized bed; inert particles. 
 
 
Malaysia is the main producer of palm oil in the 
world [1]. Up to year 2009, the area of oil palm plan-
tation has increased 4.5%, i.e., 4.69 million hectare 
[2]. For each hectare of oil palm field, there are appro-
ximately 145 palm trees. For each tree, there are 
approximately 25 palm fronds. The average weight of 
one palm frond is 8 kg. Thus, about 200 kg palm 
fronds could be obtained in one palm tree each year. 
Hence, approximately 30 tons of palm fronds are pro-
duced from each hectare of palm field for each year 
[3]. With the massive amount of oil palm fronds gene-
rated from the palm field, the utilization of this by-
product could make a substantial contribution to the 
oil palm industry in the country. 
Oil palm fronds could be used as a source of 
industrial fibres for various products such as livestock 
food [4,5], pulp and paper [6,7]. If wet chopped oil 
palm frond is exposed to the atmosphere, it degrades 
easily within a day due to fungal attack and turns 
brown to black and emits a foul odour [8]. Therefore, it 
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is essential that the drying of oil palm fronds is done 
quickly to preserve the fibres before being used for 
subsequent processes. 
Drying is the process of thermally removing 
volatile substances (moisture) to yield a solid product. 
It is a complex process involving simultaneous heat, 
mass and momentum transfer phenomena [9]. Mathe-
matical models of the drying processes are used for 
designing new or improving existing drying systems 
or even for the control of the drying process [10]. 
Thin-layer drying models are the most widely used 
practice for modelling the drying process of many 
agricultural products. These models can be catego-
rized as theoretical, semi-theoretical, and empirical 
[10-12]. Examples of semi-theoretical models are the 
Lewis model, Page model, Henderson and Pabis 
model, logarithmic model, two-term model, two-term 
exponential model and Verma et al. model. Examples 
of empirical models are the Thompson model, Wang 
and Singh model and Midilli et al. model. 
Several studies have been reported on mathe-
matical modelling of agricultural products. The Page 
model was reported to be the most suitable model for 
the drying of pistachio nuts [13], pomegranate arils 
[14] and sweet cherry [15]. The Henderson and Pabis 
model was found to be most suitable for describing 
the drying curves of banana, mango and cassava T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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[16]. The logarithmic model was shown to be suitable 
to describe the drying kinetics of plum [17], apple 
pomace [18], radish [19], hull-less seed pumpkin [20], 
plum [21] and figs [22]. Shen et al. [23] reported that 
the Wang and Singh model was the best one to des-
cribe the drying process of sweet sorghum stalk. The 
Midilli et al. model was shown to best describe the 
drying of okra [10], chilli [24], mint leaves [25], mush-
room [26], olive pomace [27] and paddy [28].  
Fluidized bed dryers are widely used to dry 
various materials due to the high heat and mass 
transfer rates, good mixing of solids, ease of opera-
tion and maintenance and also lower capital cost [29]. 
A fluidized bed dryer with the presence of inert par-
ticles, whereby the inert particles serve as heat car-
rier, has been used to assist the drying of a variety of 
materials. Inert particles can improve the fluidization 
behaviour of the materials and increase the con-
vective heat and mass transfer rates [30,31]. 
A number of studies have been conducted in the 
area of fluidized bed drying with inert particles. Most 
of these involved the drying of liquids, suspensions, 
slurries, pulps and pastes [30,32]. However, limited 
information is available for the drying of fibrous mate-
rial in a fluidized bed with inert particles. The objec-
tives of this work were to investigate the drying cha-
racteristics of oil palm frond fibres in a fluidized bed 
dryer with the presence of inert medium and to eva-
luate suitable drying model for describing the drying 
kinetics.  
MATERIALS AND METHODS 
Materials 
Oil palm frond was used as the material to be 
dried. Fresh oil palm fronds were collected from oil 
palm plantation at Bangi, Selangor, Malaysia. After 
removing the leaves, the whole petiole was crushed 
using a mechanical crusher (Cheso Cresher Model 
LCT 10 HP). The crushed oil palm fronds were then 
sieved to remove particles larger than 4 mm. This 
material has natural moisture content of about 2.3 g 
water/g dry solid. Sand with particle size of about 250 
μm was used as the inert particles.  
Drying apparatus 
The drying experiments were carried out in a 
fluidized bed rapid bid dryer, model TG100, Retsch 
GmbH & Co., Germany, shown in Figure 1. The 
column was cylindrical with a diameter of 18 cm and 
height of 22 cm. The fluidized bed dryer was first 
switched on and the air was heated to the required 
temperature. The hot air was circulated in the column 
for about 10 min to reduce the heat loss through the 
wall which was initially cold. The sample, i.e., mixture 
of 20 g of fibres and 0, 20 and 40 g of sand was then 
introduced into the fluidized bed dryer and the drying 
experiment was started. The data for moisture con-
tent was collected at certain time interval by inter-
mittent weighing the sample on an electric balance 
(model Mettler PE1600, Mettler Instruments Corpo-
ration, Greifensee, Zurich, Switzerland; precision of 
±0.01 g) placed next to the dryer. The final moisture 
content was determined by drying the sample in an 
oven at 105 °C for 24 h or until no significant changes 
in the weight of the sample [33]. 
 
Figure 1. Rapid bin dryer. 
Operating conditions 
The drying experiments were conducted at diffe-
rent air temperatures (60, 70 and 80 °C), air velocities 
(0.79 and 0.85 m/s) and mass ratios of fibres to sand 
(1:0, 1:1 and 1:2). The amount of fibres used in all 
drying experiments was 20 g. The air velocities used 
in the experiments were selected above the minimum 
fluidization velocity of sand so that the inert particles 
could help to agitate the bed of oil palm fibres and act 
as the heat carrier. The volume of air flow rate sup-
plied by Retsch GmbH & Co., Germany was con-
verted to air velocity unit (m/s) using the following 
equation: 
π
= 2
1
Air velocity (m/s)
3600
4
Q
D
 (1) 
All the experiments were performed up to 50 
min. The experimental runs are summarized in Table 1. 
Analysis of results 
The experimental results are presented as the 
drying rate curves. The drying rate curve was cons-T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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tructed from the variation of the drying rate with mois-
ture content. The normalized moisture content MR 
was used to represent the drying kinetics and defined 
as follows: 
−
=
−
e
0e
XX
MR
XX
 (2) 
The values of Xe used in this work were deter-
mined from the desorption isotherm data from Sup-
ranto  et al. [8]. Using their experimental data, the 
relationship between equilibrium moisture content 
and relative humidity of air was found to fit the Hasley 
model below: 
() () =− + e exp exp
C RH A BT X  (3) 
From the curve fitting, it was found that the 
values of the parameters A,  B and C for oil palm 
fronds were -1.70, -0.02 and -0.93, respectively. 
RESULTS AND DISCUSSION 
Figure 2 shows the drying curves of oil palm 
frond fibres for both with and without inert particles at 
air temperature of 80 °C and air velocity of 0.79 m/s. 
As can be observed from Figure 2, the drying time 
was shorter when the fibres were dried in the fluidized 
bed dryer with inert particles. It was found that the 
drying time required to reach moisture content of 0.1 
g water/g dry solid was 38, 26 and 26 min for drying 
with ratio of fibres to sand of 1:0, 1:1 and 1:2, res-
pectively, when dried at air temperature of 80 °C and 
air velocity of 0.79 m/s. Thus, by adding the same 
amount of sand as the inert medium, the drying time 
could be reduced by about 33% than that without the 
addition of inert medium. It could be concluded that 
the introduction of inert particles as the energy carrier 
to the fluidized bed dryer increases the drying rate, 
and hence, reduces the drying time. Figure 3 shows 
the variation of dimensionless moisture content MR 
with time at different air temperatures. As expected, 
the drying time is shorter at higher temperature. This 
trend was also observed for the drying at different air 
velocities shown in Figure 4.  
The experimental drying data were fitted to 
some drying models available in the literature listed in 
Table 2. A new model was proposed as presented in 
Model No. 10, which was a modification of the Wang 
and Singh model. Non-linear regression analysis was 
performed using Microsoft Excel (Microsoft Office 
2007, USA) using the SOLVER tool by minimizing the 
residual sum of squares. The goodness of fit for all 
the models was compared in terms of coefficient of 
determination (r
2), reduced chi-square (χ
2) and root 
mean square error (RMSE). Large values of r
2 and 
low values of χ
2 and RMSE suggest a good fit to the 
data. The χ
2 and RMSE were calculated using Eqs. 
(4) and (5), respectively: 
()
χ =
−
=
−

2
exp, pre,
2 1
N
ii
i
MR MR
Nz
 (4) 
()
=
 
=−  
    
12
2
pre, exp,
1
1
N
ii
i
RMSE MR MR
N
 (5) 
where  MRexp,i and MRpre,i are the experimental and 
predicted moisture ratios, respectively, N is the num-
ber of observations and z is the number of constants 
in the models. 
Table 1. Experimental runs 
Run No.  Temperature, °C  Velocity, m/s  Mass ratio of fibres to sand 
A1 60  0.79  1:1 
A2 60  0.79  1:2 
A3 70  0.79  1:1 
A4 70  0.79  1:2 
A5 80  0.79  1:0 
A6 80  0.79  1:1 
A7 
B1 
80 
60 
0.79 
0.85 
1:2 
1:1 
B2 60  0.85  1:2 
B3 70  0.85  1:1 
B4 70  0.85  1:2 
B5 80  0.85  1:0 
B6 80  0.85  1:1 
B7 80  0.85  1:2 
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Figure 2. Effect of inert particles on drying curve at: a) T = 80 °C and u = 0.79 m/s; b) T = 80 °C and u = 0.85 m/s. 
 
Figure 3. Drying curves at different air temperatures and: u = 0.79 m/s and R = 1:2. T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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Figure 4. Drying curves at different air velocities and T = 60 ºC and R = 1:2. 
Table 2. Mathematical models applied to the drying curves 
Model No.  Model Name  Model  Reference 
1.  Lewis  () =− exp MR kt   Lewis [35] 
2.  Page  () =− exp
n MR kt   Page [36] 
3. 
Modified Page  () ( ) =− exp
n
MR kt   Overhults et al. [37] 
4.  Henderson and Pabis  () =− exp MR a kt   Henderson and Pabis [38] 
5.  Logarithmic  () =− + exp MR a kt c   Doymaz [10] 
6.  Two-term  () () =− +− 01 exp exp MR a k t b k t   Noomhorm and Verma [39] 
7.  Two-term exponential  () ( ) ( ) =− + − − exp 1 exp MR a kt a kat   Doymaz [10] 
8.  Wang and Singh  =+ +
2 1 MR at bt   Wang and Singh [40] 
9.  Midilli et al.  () =− + exp
n MR a kt bt   Midilli et al. [41] 
10. 
Proposed 
++
=
++
2
2 1
ab tc t
MR
dt ft
  Present study 
 
Tables 3 and 4 show the results of regression 
analysis along with the statistical parameters and 
model constants for all the models. From the com-
parison among all the existing drying models, gene-
rally all these models gave satisfactory agreements 
with the experimental data. Midilli et al. model gave 
the best-fit model among all the existing models 
(Lewis, Page, Modified Page, Henderson and Pabis, 
Logarithmic, Two-term, Two-term exponential and 
Wang and Singh models). The least suitable model to 
describe the experimental drying kinetics data was 
the Wang and Singh model, which gave the lowest r
2 
value and the highest χ
2 and RMSE values among 
the other eight models. But if the Wang and Singh 
model was modified as depicted in the proposed 
model (Model No. 10), it provided the highest r
2 value 
and the lowest χ
2 and RMSE values among other 
models as shown in Tables 3 and 4. Figure 5 illus-
trates the variation of the experimental values against 
the values predicted from the proposed model. As 
shown in Figure 5, the proposed model gave close 
predictions with the experimental data. 
The new model was also tested for other mate-
rial such as the oil palm empty fruit bunch (EFB) dried 
in a superheated steam from the work of Hasibuan 
and Daud [34]. Table 5 shows that the new model 
gave the best fit predictions of the experimental 
drying data compared to the other existing models. 
CONCLUSION 
The drying characteristics of oil palm fronds in a 
fluidized bed dryer with the presence of sand as inert 
particles were investigated. The introduction of inert T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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Table 3. Model and statistical parameters for the drying of oil palm frond fibres (run A) 
Run no.  Models  Parameters  r
2  χ
2  RMSE 
A1 Lewis  k  =  0.1076         0.9803  0.0023  0.0468 
 Page  k =  0.0651  n  =  1.2416      0.9886  0.0014  0.0356 
 Modified  Page  k =  0.1108  n  =  1.2416      0.9886  0.0014  0.0356 
  Henderson and 
Pabis 
k =  0.1174  a  =  1.0721     
  
0.9858 0.0017 0.0397 
 Logarithmic  k =  0.1175  a =  1.0718 c  =  0.0003     0.9858 0.0018 0.0397 
 Two-term  k0 = 0.1174  a =  0.5360 k1 = 0.1174 b  =  0.5360 0.9858 0.0020 0.0397 
  Two-term 
exponential 
k =  0.1692  a  =  1.8814     
  
0.9902 0.0012 0.0330 
  Wang and Singh  a =  -0.0735  b  =  0.0013      0.9468  0.0065  0.0769 
 Midilli  et al.  k =  0.0622  n =  1.2930 a =  1.0150 b  =  0.0010 0.9912 0.0012 0.0312 
 Proposed  a =  0.9818  b =  -0.0073 c =  0.0001 d =  -0.0027 f =  0.0211 0.9956 0.0006 0.0051 
A2 Lewis  k  =  0.1117         0.9882  0.0014  0.0361 
 Page  k =  0.0711  n  =  1.2172      0.9962  0.0005  0.0205 
 Modified  Page  k =  0.1139  n  =  1.2172      0.9962  0.0005  0.0205 
  Henderson and 
Pabis 
k =  0.1207  a  =  1.0649     
  
0.9928 0.0009 0.0280 
 Logarithmic  k =  0.1157  a =  1.0762 c  =  -0.0176     0.9933 0.0009 0.0271 
 Two-term  k0 = 0.1207  a =  0.5324 k1 = 0.1207 b  =  0.5324 0.9928 0.0010 0.0280 
  Two-term 
exponential 
k =  0.1669  a  =  1.8180     
  
0.9967 0.0004 0.0191 
  Wang and Singh  a =  -0.0779  b  =  0.0015      0.9663  0.0041  0.0608 
 Midilli  et al.  k =  0.0730  n =  1.2222 a =  1.0141 b  =  0.0005 0.9968 0.0004 0.0187 
 Proposed  a =  0.9915  b =  0.0116 c =  -0.0009 d =  0.0367 f =  0.0206 0.9988 0.0002 0.0011 
A3 Lewis  k  =  0.1129         0.9905  0.0010  0.0312 
 Page  k =  0.0920  n  =  1.0983      0.9925  0.0009  0.0277 
 Modified  Page  k =  0.1139  n  =  1.0983      0.9925  0.0009  0.0277 
  Henderson and 
Pabis 
k =  0.1189  a  =  1.0419     
  
0.9925 0.0009 0.0277 
 Logarithmic  k =  0.1199  a =  1.0399 c  =  0.0032     0.9925 0.0009 0.0277 
 Two-term  k0 = 0.1189  a =  0.5209 k1 = 0.1189 b  =  0.5209 0.9925 0.0010 0.0277 
  Two-term 
exponential 
k =  0.1472  a  =  1.6166     
  
0.9920 0.0009 0.0286 
  Wang and Singh  a =  -0.0775  b  =  0.0015      0.9486  0.0059  0.0726 
 Midilli  et al.  k =  0.0955  n =  1.1036 a =  1.0199 b  =  0.0006 0.9934 0.0008 0.0260 
 Proposed  a =  0.9943  b =  0.0592 c =  -0.0020 d =  0.0933 f =  0.0269 0.9962 0.0005 0.0027 
A4 Lewis  k  =  0.1340         0.9923  0.0008  0.0279 
 Page  k =  0.1057  n  =  1.1221      0.9951  0.0006  0.0223 
 Modified  Page  k =  0.1350  n  =  1.1221      0.9951  0.0006  0.0223 
  Henderson and 
Pabis 
k =  0.1415  a  =  1.0463     
  
0.9947 0.0006 0.0232 
 Logarithmic  k =  0.1424  a =  1.0448 c  =  0.0024     0.9947 0.0006 0.0232 
 Two-term  k0 = 0.1415  a =  0.5231 k1 = 0.1415 b  =  0.5231 0.9947 0.0007 0.0232 
  Two-term 
exponential 
k =  0.1799  a  =  1.6672     
  
0.9948 0.0006 0.0230 
  Wang and Singh  a =  -0.0890  b  =  0.0019      0.9411  0.0066  0.0771 
 Midilli  et al.  k =  0.1101  n =  1.1242 a =  1.0198 b  =  0.0006 0.9961 0.0005 0.0199 
 Proposed  a =  0.9990  b =  0.0621 c =  -0.0025 d =  0.1022 f =  0.0367 0.9981 0.0003 0.0013 
A5 Lewis  k  =  0.0795         0.9888  0.0014  0.0363 
 Page  k =  0.0507  n  =  1.1859      0.9963  0.0005  0.0210 T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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Table 3. Continued 
Run no.  Models  Parameters  r
2  χ
2  RMSE 
A5 Modified  Page  k =  0.0809  n  =  1.1859      0.9963  0.0005  0.0210 
  Henderson and 
Pabis 
k =  0.0870  a  =  1.0713     
  
0.9947 0.0007 0.0249 
 Logarithmic  k =  0.0812  a =  1.0882 c  =  -0.0273     0.9956 0.0006 0.0228 
 Two-term  k0 = 0.0870  a =  0.5357 k1 = 0.0870 b  =  0.5357 0.9947 0.0008 0.0249 
  Two-term 
exponential 
k =  0.1149  a  =  1.7663     
  
0.9961 0.0005 0.0215 
  Wang and Singh  a =  -0.0573  b  =  0.0008      0.9806  0.0025  0.0477 
 Midilli  et al.  k =  0.0596  n =  1.1383 a =  1.0311 b  =  0.0001 0.9970 0.0004 0.0188 
 Proposed  a =  0.9946  b =  0.1302 c =  -0.0034 d =  0.1224 f =  0.0226 0.9994 0.0001 0.0007 
A6 Lewis  k  =  0.1271         0.9868  0.0015  0.0376 
 Page  k =  0.0795  n  =  1.2375      0.9965  0.0004  0.0193 
 Modified  Page  k =  0.1292  n  =  1.2375      0.9965  0.0004  0.0193 
  Henderson and 
Pabis 
k =  0.1376  a  =  1.0688     
  
0.9923 0.0009 0.0287 
 Logarithmic  k =  0.1303  a =  1.0846 c  =  -0.0234     0.9931 0.0009 0.0272 
 Two-term  k0 = 0.1376  a =  0.5344 k1 = 0.1376 b  =  0.5344 0.9923 0.0011 0.0287 
  Two-term 
exponential 
k =  0.1916  a  =  1.8416     
  
0.9972 0.0003 0.0174 
  Wang and Singh  a =  -0.0906  b  =  0.0020      0.9717  0.0034  0.0551 
 Midilli  et al.  k =  0.0831  n =  1.2347 a =  1.0165 b  =  0.0005 0.9972 0.0004 0.0174 
 Proposed  a =  0.9933  b =  0.0341 c =  -0.0020 d =  0.0529 f =  0.0303 0.9994 0.0001 0.0008 
A7 Lewis  k  =  0.1612         0.9762  0.0028  0.0514 
 Page  k =  0.0736  n  =  1.4357      0.9968  0.0004  0.0188 
 Modified  Page  k =  0.1625  n  =  1.4357      0.9968  0.0004  0.0188 
  Henderson and 
Pabis 
k =  0.1765  a  =  1.0876     
  
0.9838 0.0020 0.0424 
 Logarithmic  k =  0.1683  a =  1.1026 c  =  -0.0210     0.9847 0.0020 0.0411 
 Two-term  k0 = 0.1765  a =  0.5438 k1 = 0.1765 b  =  0.5438 0.9838 0.0023 0.0424 
  Two-term 
exponential 
k =  0.2580  a  =  1.9781     
  
0.9975 0.0003 0.0168 
  Wang and Singh  a =  -0.1044  b  =  0.0025      0.9405  0.0074  0.0812 
 Midilli  et al.  k =  0.0706  n =  1.4668 a =  0.9983 b  =  0.0006 0.9975 0.0004 0.0167 
 Proposed  a =  0.9886  b =  -0.0657 c =  0.0014 d =  -0.0356 f =  0.0265 0.9984 0.0002 0.0027 
Table 4. Model and statistical parameters for the drying of oil palm frond fibres (run B) 
Run no.  Models  Parameters  r
2  χ
2  RMSE 
B1 Lewis  k  =  0.1148          0.9827  0.0020  0.0439 
 Page  k =  0.0668  n  =  1.2654      0.9931  0.0009  0.0278 
 Modified  Page  k =  0.1178  n  =  1.2654      0.9931  0.0009  0.0278 
  Henderson and 
Pabis 
k =  0.1252  a  =  1.0740     
  
0.9886 0.0014 0.0357 
 Logarithmic  k =  0.1211  a = 1.0829 c  =  -0.0138     0.9889 0.0015 0.0352 
 Two-term  k0 = 0.1252  a = 0.5370 k1 = 0.1252 b  =  0.5370 0.9886 0.0016 0.0357 
  Two-term 
exponential 
k =  0.1792  a  =  1.8837     
  
0.9943 0.0007 0.0252 
  Wang and Singh  a =  -0.0793  b  =  0.0015      0.9590  0.0051  0.0676 
 Midilli  et al.  k =  0.0671  n = 1.2845 a =  1.0140 b  =  0.0007 0.9943 0.0008 0.0253 
 Proposed  a =  0.9867  b = -0.0020 c =  -0.0004 d =  0.0103 f =  0.0223 0.9972 0.0004 0.0024 
B2 Lewis  k  =  0.1432          0.9825  0.0020  0.0434 T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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Table 4. Continued 
Run no.  Models  Parameters  r
2  χ
2  RMSE 
B2 Page  k =  0.0845  n  =  1.2816      0.9937  0.0008  0.0261 
 Modified  Page  k =  0.1454  n  =  1.2817      0.9937  0.0008  0.0261 
  Henderson and 
Pabis 
k =  0.1556  a  =  1.0749     
  
0.9885 0.0014 0.0351 
 Logarithmic  k =  0.1515  a = 1.0826 c  =  -0.0113     0.9888 0.0014 0.0347 
 Two-term  k0 = 0.1556  a = 0.5375 k1 = 0.1556 b  =  0.5375 0.9885 0.0016 0.0351 
  Two-term 
exponential 
k =  0.2218  a  =  1.8936     
  
0.9950 0.0006 0.0232 
  Wang and Singh  a =  -0.0973  b  =  0.0022      0.9514  0.0059  0.0722 
 Midilli  et al.  k =  0.0866  n = 1.2921 a =  1.0157 b  =  0.0008 0.9950 0.0007 0.0231 
 Proposed  a =  0.9926  b = -0.0010 c =  -0.0007 d =  0.0157 f =  0.0343 0.9977 0.0003 0.0022 
B3 Lewis  k  =  0.1211          0.9760  0.0029  0.0523 
 Page  k =  0.0556  n  =  1.3867      0.9961  0.0005  0.0211 
 Modified  Page  k =  0.1245  n  =  1.3867      0.9961  0.0005  0.0211 
  Henderson and 
Pabis 
k =  0.1331  a  =  1.0847     
  
0.9842 0.0020 0.0424 
 Logarithmic  k =  0.1204  a = 1.1173 c  =  -0.0458     0.9869 0.0018 0.0387 
 Two-term  k0 = 0.1331  a = 0.5423 k1 = 0.1331 b  =  0.5423 0.9842 0.0023 0.0424 
  Two-term 
exponential 
k =  0.1946  a  =  1.9467     
  
0.9970 0.0004 0.0186 
  Wang and Singh  a =  -0.0886  b  =  0.0019      0.9788  0.0027  0.0492 
 Midilli  et al.  k =  0.0514  n = 1.4353 a =  0.9968 b  =  0.0007 0.9967 0.0005 0.0194 
 Proposed  a =  0.9870  b = -0.0470 c =  0.0007 d =  -0.0197 f =  0.0153 0.9978 0.0003 0.0027 
B4 Lewis  k  =  0.1480          0.9829  0.0020  0.0434 
 Page  k =  0.0796  n  =  1.3305      0.9978  0.0003  0.0154 
 Modified  Page  k =  0.1493  n  =  1.3305      0.9978  0.0003  0.0154 
  Henderson and 
Pabis 
k =  0.1608  a  =  1.0773     
  
0.9892 0.0013 0.0345 
 Logarithmic  k =  0.1509  a = 1.0967 c  =  -0.0278     0.9906 0.0012 0.0321 
 Two-term  k0 = 0.1608  a = 0.5386 k1 = 0.1608 b  =  0.5386 0.9892 0.0015 0.0345 
  Two-term 
exponential 
k =  0.2286  a  =  1.9057     
  
0.9984 0.0002 0.0134 
  Wang and Singh  a =  -0.0997  b  =  0.0023      0.9616  0.0048  0.0650 
 Midilli  et al.  k =  0.0804  n = 1.3340 a =  1.0054 b  =  0.0004 0.9981 0.0003 0.0146 
 Proposed  a =  0.9970  b = -0.0462 c =  0.0005 d =  0.0018 f =  0.0216 0.9986 0.0002 0.0004 
B5 Lewis  k  =  0.0808          0.9895  0.0013  0.0347 
 Page  k =  0.0541  n  =  1.1666      0.9960  0.0005  0.0215 
 Modified  Page  k =  0.0820  n  =  1.1666      0.9960  0.0005  0.0215 
  Henderson and 
Pabis 
k =  0.0878  a  =  1.0648     
  
0.9946 0.0007 0.0248 
 Logarithmic  k =  0.0807  a = 1.0864 c  =  -0.0338     0.9958 0.0006 0.0220 
 Two-term  k0 = 0.0878  a = 0.5324 k1 = 0.0878 b  =  0.5324 0.9946 0.0008 0.0248 
  Two-term 
exponential 
k =  0.1132  a  =  1.7235     
  
0.9955 0.0006 0.0226 
  Wang and Singh  a =  -0.0593  b  =  0.0009      0.9835  0.0021  0.0434 
 Midilli  et al.  k =  0.0647  n = 1.1061 a =  1.0304 b  =  -0.0001 0.9966 0.0005 0.0197 
 Proposed  a =  0.9979  b = 0.1947 c =  -0.0052 d =  0.1884 f =  0.0269 0.9985 0.0002 0.0010 
B6 Lewis  k  =  0.1279          0.9857  0.0017  0.0397 
 Page  k =  0.0720  n  =  1.2881      0.9992  0.0001  0.0093 
 Modified  Page  k =  0.1297  n  =  1.2881      0.9992  0.0001  0.0093 T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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Table 4. Continued 
Run no.  Models  Parameters  r
2  χ
2  RMSE 
B6  Henderson and 
Pabis 
k =  0.1385  a  =  1.0708     
  
0.9915 0.0011 0.0307 
 Logarithmic  k =  0.1251  a = 1.1024 c  =  -0.0451     0.9942 0.0008 0.0252 
 Two-term  k0 = 0.1385  a = 0.5354 k1 = 0.1385 b  =  0.5354 0.9915 0.0012 0.0307 
  Two-term 
exponential 
k =  0.1939  a  =  1.8618     
  
0.9995 0.0001 0.0078 
  Wang and Singh  a =  -0.0914  b  =  0.0020      0.9825  0.0022  0.0440 
 Midilli  et al.  k =  0.0734  n = 1.2823 a =  1.0042 b  =  0.0001 0.9992 0.0001 0.0092 
 Proposed  a =  0.9973  b = -0.0335 c =  0.0000 d =  0.0185 f =  0.0152 0.9997 0.0001 0.0010 
B7 Lewis  k  =  0.1581          0.9685  0.0039  0.0604 
 Page  k =  0.0627  n  =  1.5036      0.9995  0.0001  0.0079 
 Modified  Page  k =  0.1585  n  =  1.5036      0.9995  0.0001  0.0079 
  Henderson and 
Pabis 
k =  0.1743  a  =  1.0970     
  
0.9788 0.0028 0.0495 
 Logarithmic  k =  0.1519  a = 1.1471 c  =  -0.0662     0.9844 0.0022 0.0424 
 Two-term  k0 = 0.1743  a = 0.5485 k1 = 0.1743 b  =  0.5485 0.9788 0.0033 0.0495 
  Two-term 
exponential 
k =  0.2555  a  =  2.0073     
  
0.9985 0.0002 0.0134 
  Wang and Singh  a =  -0.1138  b  =  0.0031      0.9840  0.0021  0.0431 
 Midilli  et al.  k =  0.0592  n = 1.5315 a =  0.9924 b  =  0.0002 0.9995 0.0001 0.0073 
 Proposed  a =  0.9944  b = -0.0887 c =  0.0020 d =  -0.0411 f =  0.0169 0.9997 0.0000 0.0012 
 
Figure 5. Experimental and predicted moisture ratio by the proposed model: a) run A; b) run B. T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
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Table 5. Model and statistical parameters for the drying of oil palm empty fruit bunch at velocity of 0.4 m/s and temperature of 125 °C 
Model Parameters    r
2  χ
2  RMSE 
Lewis  k  =  0.1366          0.9668  0.0036  0.0585 
Page  k =  0.0599 n  =  1.3956         0.9980  0.0002  0.0145 
Modified Page  k =  0.1330 n  =  1.3956         0.9980  0.0002  0.0145 
Henderson and 
Pabis 
k =  0.1519 a  =  1.1125         0.9817  0.0021  0.0435 
Logarithmic  k =  0.1048 a =  1.2604  c  =  -0.1929      0.9946  0.0007  0.0237 
Two-term  k0 =  0.1519 a =  0.5562  k1 = 0.1519 b  =  0.5562    0.9817 0.0024 0.0435 
Two-term 
exponential 
k =  0.2112 a  =  1.9653         0.9977  0.0003  0.0152 
Wang and Singh  a =  -0.1013 b  =  0.0026         0.9932  0.0008  0.0264 
Midilli et al.  k =  0.0712 n =  1.3051  a =  1.0224 b  =  -0.0013    0.9985 0.0002 0.0126 
Proposed  a =  1.0014 b =  0.4676  c =  -0.0283 d =  0.4101 f =  0.0688 0.9992 0.0001 0.0089 
 
particles as energy carrier into the fluidized bed dryer 
reduced the total drying time. The experimental drying 
data were modelled using several drying models 
available in the literature. A new model was proposed 
and tested against the existing models. From the 
regression analysis, it was shown that the proposed 
model gave the highest r
2 value and the lowest χ
2 and 
RMSE values. The proposed new model produced a 
better fit to the experimental data for the drying of oil 
palm frond fibres and oil palm empty fruit bunch.   
Nomenclature 
a, b, c, d, f, k, n model  parameters 
D  column diameter (m) 
MR moisture  ratio  (-) 
N  number of data 
Q  flow rate (m
3/h) 
r
2  coefficient of determination (-) 
RH  relative humidity of air 
t  drying time (min) 
T  inlet air temperature (°C, K) 
u  superficial air velocity (m/s) 
X  moisture content in dry basis (g water/g dm) 
z  number of parameters 
Subscripts 
e equilibrium 
exp experiment 
o initial 
pre predicted 
 
Greek letters 
χ
2 chi-square  (-) 
Acknowledgement 
The authors are grateful for the support provided 
by the University Kebangsaan, Malaysia, through the 
research grant number UKM-GUP-NBT 08-26-091 
and OUP-2012-141. 
REFERENCES 
[1]  Palm Oil Directory & Palm Oil Resources, Palm Oil 
Industry Information. http://www.palmoil.com/ (accessed 
27 September 2010) 
[2]  M.B. Wahid, Overview of the Malaysian Oil Palm 
Industry, MPOB, Kuala Lumpur, 2009 
[3]  Supranto, K. Sopian, W.R.W. Daud, B. Yatim, M.Y. 
Othman, in Proceedings of Asia Australia Drying Confe-
rence (ADC’99), Bali – Indonesia, 1999, p. 492–500 
[4]  M.M. Rahman, M. Lourenco, H.A. Hassim, J.J. Baars, 
A.S. Sonnenerg, J.W. Cone, Anim. Feed Sci. Technol. 
169 (2011) 157-166 
[5]  H.A. Hassim, M. Lourenco, G. Goel, B. Vlaeminck, Y.M. 
Goh, V. Fievez, Anim. Feed Sci. Technol. 162 (2010) 
155-158 
[6]  W.D.W. Rosli, Z. Zainuddin, K.N. Law, R. Asro, Ind. 
Crops Prod. 25 (2007) 89-94 
[7]  W.D.W. Rosli, K.N. Law, Z. Zainuddin, R. Asro, Bio-
resour. Technol. 93 (2004) 233-240 
[8]  Supranto, W.R.W. Daud, K. Sopian, M.Y. Othman, B. 
Yatim, in Proceedings of First Asian-Australian Drying 
Conference (ADC’99), Bali, Indonesia, 1999, p. 281-289 
[9]  A.S. Mujumdar, A.S. Menon, Handbook of Industrial Dry-
ing, Marcel Dekker, New York, 1995 
[10]  I. Doymaz, Chem. Ind. Chem. Eng. Q. 17 (2011) 199-205 
[11]  M. Ozdemir, Y.O. Devres, J. Food Eng. 42 (1999) 225-
233 
[12]  W.A.M. McMinn, J. Food Eng. 72 (2006) 113-123 
[13]  M. Kashaninejad, A. Mortazavi, A. Safekordi, L.G. Tabil, 
J. Food Eng. 78 (2007) 98–108 
[14]  A.R.P. Kingsly, D.B. Singh, J. Food Eng. 79 (2007) 741– 
–744 
[15]  I. Doymaz, O. Ismail, Food Bioprod. Process. 89 (2011) 
31–38 T.M. YUN et al.: DRYING OF OIL PALM FROND PARTICLES…  CI&CEQ 19 (4) 593−603 (2013) 
 
 603
[16]  K.B. Koua, W.F. Fassinou, P. Gbaha, S. Toure, Energy 
34 (2009) 1594–1602 
[17]  M. Živković, S. Rakić, R. Maletić, D. Povrenović, M. 
Nikolić, N. Kosanović, Chem. Ind. Chem. Eng. Q. 17 
(2011) 283−289 
[18]  Z. Wang, J. Sun, X. Liao, F. Chen, G. Zhao, J. Wu, X. Hu, 
Food Res. Int. 40 (2007) 39–46 
[19]  J.H. Lee, H.J. Kim, LWT - Food Sci. Technol. 42 (2009) 
180–186 
[20]  K. Sacilik, J. Food Eng. 79 (2007) 23–30 
[21]  R.K. Goyal, A.R.P. Kingsly, M.R. Manikantan, S.M. Ilyas, 
J. Food Eng. 79 (2007) 176–180 
[22]  G. Xanthopoulos, N. Oikonomou, G. Lambrinos, J. Food 
Eng. 81 (2007) 553–559 
[23]  F. Shen, L. Peng, Y. Zhang, J. Wu, X. Zhang, G. Yang, H. 
Peng, H. Qi, S. Deng, Ind. Crop. Prod. 34 (2011) 1588– 
1594 
[24]  A. Artnaseaw, S. Theerakulpisut, C. Benjapiyaporn, 
Biosystems Eng. 105 (2010) 130–138 
[25]  B. Ozbek, G. Dadali, J. Food Eng. 83 (2007) 541–549 
[26]  A. Artnaseaw, S. Theerakulpisut, C. Benjapiyaporn, Food 
Bioprod. Process. 88 (2010) 105–114 
[27]  S. Meziane, Energy Convers. Manage. 52 (2011) 1644– 
–1649 
[28]  S. Doungporna, N. Poomsa-ad, L. Wiset, Food Bioprod. 
Process. 90 (2012) 187–198 
[29]  D. Kunii, O. Levenspiel, Fluidization Engineering, Butter-
worth Heinemann, Boston, MA, 1991 
[30]  B.A. Souraki, A. Andres, D. Mowla, Chem. Eng. Process. 
48 (2009) 296-305 
[31]  B.A. Souraki, D. Mowla, J. Food Eng. 88 (2008) 9-19 
[32]  Z.B. Grbavcic, Z.L. Arsenijevic, R.V. Garic-Grulovic, Dry-
ing Technol. 22 (2004) 1793-1812 
[33]  I. Puspasari, M.Z.M. Talib, W.R.W. Daud, S.M. Tasirin, 
Drying Technol. 30 (2012) 619-630 
[34]  R. Hasibuan, W.R.W. Daud, Asia-Pac. J. Chem. Eng. 2 
(2007) 35-40 
[35]  W.K. Lewis, J. Ind. Eng. Chem. 13 (1921) 427-432 
[36]  G. Page, Ms. Thesis, Purdue University, West Lafayette, 
IN, 1949 
[37]  D.G. Overhults, H.E. White, H.E. Hamilton, I.J. Ross, 
Trans. ASAE 16 (1973) 112-113 
[38]  S.M. Henderson, S. Pabis, J. Agric. Eng. Res. 6 (1961) 
169-174 
[39]  A. Noomhorm, L.R. Verma, ASAE Paper 86 (1986) 3057 
[40]  C.Y. Wang, R.P. Singh, ASAE Paper 78 (1978) 3001 
[41]  A. Midilli, H. Kucuk, Z. Yapar, Drying Technol. 20 (2002) 
1503-1513. 
 
 
 
 
 
 
 
 
 
 
 
 
TEE MAY YUN 
IFA PUSPASARI 
SITI MASRINDA TASIRIN 
MEOR ZAINAL MEOR TALIB 
WAN RAMLI WAN DAUD 
ZAHIRA YAAKOB 
Department of Chemical and Process 
Engineering, Faculty of Engineering 
and Built Environment, Universiti 
Kebangsaan Malaysia, 43600–UKM 
Bangi, Selangor Darul Ehsan, Malaysia 
NAUČNI RAD 
   SUŠENJE ČESTICA LIŠĆA ULJANE PALME U 
SUŠARI SA FLUIDIZOVANIM SLOJEM U 
PRISUSTVU INERTNIH ČESTICA 
Karakteristike sušenja vlakana lišća uljane palme su ispitivane u sušari sa fluidizovanim 
slojem u prisustvu inertnih čestica. Pesak je korišćen kao inertni materijal. Ispitivani su 
uticaji temperature (60, 70 and 80 °C), brzine strujanja vazduha (0,79 and 0,85 m/s) i 
masenog odnosa vlakna/pesak (1:0, 1:1 i 1:2) na krive sušenja. Rezultati su pokazali da se 
nakraće vreme sušenja ostvaruje sa najvišom temperaturom vazduha i molskom odnosu 
vlakna/pesak. Eksperimentalni podaci sušenja se dobro opisuju sa devet postojećih 
modela sušenja: Lewis-ov, Page-ov, modifiovani Page-ov, Henderson-Pabis-ov, logari-
tamski, dvočlani, dvočlani eksponencijalni, Wang-Singhov i pretpostavljeni novi model. 
Uspešnost fitovanja je ocenjivana na osnovu vrednosti r
2, χ
2 i relativne srednje standardne 
greške. Najbolje fitovanje je postignuto sa novim modelom, koji je, takođe, validiran za 
sušenje drugih otpadaka uljane palme pregrejanom parom. 
Ključne reči: karakteristike sušenja, kinetika sušenja, pad cene, vlaknasti mate-
rijal, fluidizovani sloj, inertne čestice. 
 
 